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DIRECT MEASUREMENTS OF TURBULENT SKIN FRICTION ON
A NONADIABATIC FLAT PLATE AT MACH NUMBER 6.5
AND COMPARISONS WITH EIGHT THEORIES

By Edward J. Hopkins, Earl R. Keener,
and Pearl T. Louie

Ames Research Center
SUMMARY

The local turbulent skin friction was directly measured with a floating-
element balance mounted flush in a sharp-edged flat plate. The Mach number
was 6.5, the length Reynolds number ranged from about 0.7 to 14 million, and
the ratio of wall-to-adiabatic-wall temperature ranged from 0.3 to 0.5. The
skin-friction results were used to evaluate eight theories on a generalized
basis by determining which theory gives the best transformation of the data
onto an incompressible skin-friction curve. This evaluation indicates that
the best predictions of skin friction (within about 5 percent) are given by
the Van Driest II or Coles theories when momentum-thickness Reynolds number is
used. The uncertainty introduced by theories that require estimates of a
virtual origin of turbulent flow is demonstrated.

INTRODUCTION

Numerous direct and indirect measurements of turbulent skin friction have
been made on flat plates in supersonic flow. Most of these data were compared
in references 1 and 2 with predicted values from several skin-friction theo-
ries. From both reviews it can be concluded that satisfactory predictions of
turbulent skin friction can be made for the adiabatic-wall case at supersonic
Mach numbers up to about 4 by using either the reference temperature method
of Sommer and Short (ref. 3) or the mixing-length methods of Wilson (ref. 4)
and Van Driest II (ref. 5).

At hypersonic Mach numbers there is greater uncertainty regarding the
proper method for predicting skin friction, both for the adiabatic-wall case
(refs. 1, 2, and 6) and the nonadiabatic-wall case (refs. 7-9). Preliminary
design studies on a possible first-generation Mach 6 cruise airplane indicate
that the major part of the surfaces must be maintained below 1500° R; hence
these surfaces will be cooled considerably below the adiabatic-wall tempera-
ture., In fact, the ratio of wall-to-adiabatic-wall temperature will probably
range from about 0.4 to 0.5. For these flow conditions, the limited skin-
friction data (most of which were obtained by indirect means) are inconclusive
in showing the effects of heat transfer on the skin friction.



To make an accurate evaluation of existing methods for predicting skin
friction at hypersonic Mach numbers, the present investigation was undertaken
to provide direct measurements of skin friction on a flat plate having a local
Mach number of 6.5. The ratio of wall-to-adiabatic-wall temperature of the
plate was varied from 0.3 to 0.5. The momentum-thickness Reynolds number
from boundary-layer surveys was used in the evaluation to avoid having to
define arbitrarily the virtual origin of turbulent flow. The eight methods
chosen for evaluation were those of Van Driest II (ref. 5), Spalding and Chi
(ref. 9), Sommer and Short (ref. 3), Eckert (ref. 10), Moore (ref. 11),
Harkness (ref. 12), Coles (ref. 13), and Baronti and Libby (ref. 14). A por-
tion of this evaluation was reported in reference 15 without presenting the
details of the analysis and measurements.

APPARATUS AND TEST

Wind Tunnel

The investigation was conducted in air in the Ames 3.5-Foot Hypersonic
Wind Tunnel. This facility is a blow-down-type wind tunnel in which the air
is heated by a hot pebble bed to temperatures ranging from about 1200° to
2000° R. The throat and nozzle walls are cooled by helium injection ahead of
the throat, the helium remaining within the wind-tunnel boundary layer as
confirmed by surveys. The Mach 7.4 nozzle was used in the present test. The
stagnation pressure was varied from 7 to 66 atm and the testing time was
between 2 and 3 min depending on the pressure level.

Model and Instrumentation

The model was a sharp-edged flat plate, which was sting supported as
shown in figure 1. A dimensional sketch of the flat plate is presented in
figure 2. The average thickness of the leading edge was 0.005 inch as mea-
sured on a magnetometer. The boundary layer was surveyed at a station 39.2 in,
behind the leading edge with a pitot-pressure probe, a static-pressure probe,
and a total-temperature probe. Details of these probes are shown in figures 3
and 4. The boundary-layer survey complex and its side supports can be seen
near the rear of the plate in figure 1. After the survey mechanism was
stopped, sufficient time was allowed for the pressures to attain equilibrium,
The total-temperature probe had only a single shield to minimize its size and
possible interference effects from interaction of the probe shock and the
boundary layer. The temperature probe was calibrated over a range of tunnel
unit Reynolds numbers that covered those encountered within the boundary
layer.

The skin friction was measured by a floating-element balance (manufac-
tured by Kistler Instrument Corporation), which had a movable element
0.370 in. in diameter and a perimetrical gap of 0.003 in. This element was
centered by means of a self-nulling circuit for each measurement. A photo-
graph of the balance with the water jacket used to maintain the electrical



portion of the balance below 200° F is shown in figure 5. The balance was
calibrated by hanging small weights from its surface oriented in a vertical
plane.

Test Conditions

The sharp-edged flat plate was mounted with its test surface 3° to the
windward so that the local Mach number was 6.5 for a free-stream Mach number
of 7.4, Local unit Reynolds numbers varied from about 0.2 to 4.1 million per
foot. Static-pressure measurements made on the surface indicated nearly
isobaric conditions in the vicinity of the survey station. Nearly isothermal
wall conditions were maintained along the centerline of the plate by water
cooling near the leading edge and air cooling in the instrument housing. The
large mass of the aluminum flat plate also assisted in maintaining nearly
isothermal conditions (within 50° F), verified by monitoring thermocouples
along the length of the plate. The increase in surface temperature during a
run was less than 5 percent of the total temperature.

For low Reynolds numbers it was necessary to trip the boundary layer to
obtain fully developed turbulent flow at the survey station. This was accom-
plished by a row of pentagonal trips placed 4 in. behind the leading edge as
shown in figures 1 and 2. Effectiveness of the trips was verified by the
sublimation visual-flow technique. Fluorene was chosen as the sublimable
material and was sprayed on the model in a solution of petroleum ether.

Measurements
The following quantities were measured:
Free stream:

Reservoir total pressure, Py
3

Reservoir total temperature, Ty o
’

Average Mach number at the plate leading-edge station obtained from
tunnel survey without model installed, M_

Flow angle from a tunnel survey without model installed
Flat plate:
Surface temperature, T,

Local shear stress, T



Boundary-layer survey:

Pitot pressure, P: ,
2

Total temperature (indicated), Tt

Distance from surface to center of probe faces, y

DATA REDUCTION

Boundary-Layer-Edge Conditions

Local flow conditions at the edge of the boundary layer on the flat plate
(39 in. behind the leading edge) were calculated from the measured boundary-

layer-edge pitot pressure (pt 2), reservoir total pressure (Pt,o)’ reservoir
>

total temperature (Tt o), and the tunnel calibration Mach number (M_). -The
compressible flow relations in reference 16 were used in the calculations,
which included corrections for calorically imperfect gas effects.

Static pressure.- Since the test surface was mounted 3° to the windward,
the static pressure (pe) was calculated for a flow deflection angle of 3°.
Measured surface pressures agreed with the calculated pressures within
+5 percent for the higher Reynolds numbers (Re > 4000).

Mach number.- Mach number (Mg = 6.5 + 0.17) was calculated from the
Rayleigh pitot equation using the calculated p, and the measured pitot pres-
sure from the traversing probe. There was no difficulty in picking an edge
condition from the pitot-probe measurements at the survey station, The real
gas correction for Mach number was less than 1 percent for the temperature

range of the test.

Static temperature.- Static temperature (Te) was calculated from Mg and
Tt:¢’ assuming that Tt,e = TF’O' A real gas correction was applied to.the
ratio of Teg/T¢,e. This static temperature was used to calculate velocity

(Ug) from the equation Ug = MgVYRTg (y = 1.4 since Tg < 300° R), density
(pg) from the equation of state (pe = pe/RTg), and viscosity (ue) from Keyes'
equation (ref. 17) and table 1 (eq. (38)).

Dynamic pressure.- The dynamic pressure was calculated from
e = [qe/(Pt,z)e](Pt,z)e_ For 5 < Mg < 10 and T¢ ¢ < 2000° R, the ratio

qe/(Pt,Z)e = 0.54 is within 1 percent as discussed in reference 18. Conse-
quently, the accuracy of qg depends primarily on the accuracy of (pt,z)e.
Momentum Thickness

The momentum thickness (06) of the boundary layer was obtained by inte-
gration from
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The ratios p/p_ and U/Ue were determined from the measured pitot-pressure
survey, the calculated surface static pressure (p_ ), and an assumed linear
Crocco distribution of total temperature with velocity (unit Prandtl no.) as
follows: From the perfect gas equation, with static pressure assumed constant
across the boundary layer, the density ratio may be written as:

T

Te [1+ 0.2\t e
LN

1+ 0.2M§} Ty

P

Pe

and the velocity ratio may be written in terms of Mach number and temperature
ratio as

2 1/2
e 0.2Me\ T,
i

e\l + O.ZM%/Tt,e

U
U
e

The local Mach number was calculated from the Rayleigh pitot equation, given

p, and the measured P, The ratio Tt/Tt o VWas calculated from the

3
Crocco relation in the following form:

1/2 2

where

2\1/72
Tw 1+ 0.2Me M
€C=20.5 - T T
t,e/\l + 0.2M? e
Real gas corrections to the density and velocity ratios were found to be
small and were ignored.

Total temperatures were measured for four of the boundary-layer surveys;
the results agreed with the Crocco temperature distribution within experimen-
tal accuracy (ref. 15). Since measured temperatures were not available for
all the data, the Crocco temperature relation was used for all the
calculations.

ACCURACY

The estimated probable uncertainties of the pertinent recorded and
calculated quantities are as follows:



T +50° R Py 50 4 +2 percent
>

t,0 e
T +10° R U /v +7 percent
w e’ e
Pgs Tw’ e *5 percent Re +8 percent
M 0,17 y +0.005 in.
e

The manufacturer's specifications for the probable uncertainties in the
measurements from the skin-friction balance are as follows:

Linearity deviation, percent o6f full scale 0.3
Null stability, percent of full scale *1

Additional information concerning the accuracy of a similar balance is
reported in reference 8. No buoyancy correction was applied since a neglig-
ible pressure gradient was measured in the vicinity of the balance. Prelim-
inary wind-tunnel tests of a special balance, geometrically similar to the
force balance, indicated that the floating element is less than 100° F above
the outer case. An important concern is the extent to which the floating
element remains flush under heating. Previous experimenters using floating
element have reported that the error caused by floating-element depression
under 0.0005 in., is less than 2 percent. No protrusion can be tolerated. At
room temperature, depression was well within 0.0005 in. During the time for
traversing the boundary layer (2 to 3 min), the balance readings varied less
than 2 percent, which indicated that the floating element was not protruding
due to heating. Balance calibrations before and after the test, the zeroes,
and test-coil calibrations taken between each test run were within the speci-
fications. In conclusion, the probable error in wall shear stress is esti-
mated to be *2 percent of full-scale value or #0.04 psf. The repeatability
of the measured data during a boundary-layer survey was within *2 percent

(20 test points).

METHOD OF ANALYSIS

In practice, skin friction is most commonly calculated on the basis of
a length Reynolds number Ry. In the usual case of mixed flow (combined
laminar, transitional, and turbulent flow) the Cf(Ry) method of data analysis.
requires the determination of a suitable virtual origin of turbulent flow so
that an equivalent length of turbulent flow can be used in Ry. No direct
method is available to determine the virtual origin, however, especially for
the case of artificially tripped flow; consequently, the Cg(Rx) method has
some disadvantages in evaluating theories.

All the theories can be written as a function of either Ry or Rg. The
latter, based on momentum thickness, is a more meaningful boundary-layer
Reynolds number for analyzing data and accounts for all the momentum losses
within the boundary layer up the measuring station. The use of Rg to cor-
relate local skin friction is less arbitrary than the use of an assumed
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virtual origin. As shown in reference 2, the Cg(Rg) method of analysis,
which is used here, satisfactorily correlates available measurements of
adiabatic-wall skin friction at subsonic and supersonic Mach numbers.

Each of the eight theories examined herein contains functions for trans-
forming the compressible skin friction onto the incompressible plane. Each
method is evaluated on a generalized basis by determining how close a partic-
ular method transforms the measured Cf and Rg onto an incompressible C
vs. R curve. Such a comparison permits_ experimental points obtained under
different test conditions to be examined together. It follows that if a
given theory transforms experimental data onto the incompressible curve,
that theory can be expected to account properly for the effects of Mg,
Tw/Taw, Tt,e’ and Rg on skin friction. It is also expected that a theory

that transforms the experimental skin-friction data onto the incompressible
curve (Cg Vs. ﬁé) would also accurately predict skin friction in terms of
the Reynolds number based on the distance behind the virtual origin of turbu-
lent flow to the measuring station. For this study, the transformed experi-
mental points are compared with the Karmdn-Schoenherr incompressible rela-
tionship of Cg with Ry, defined by equation (39) in table 1. This equation
is known to give a good representation of available experimental data over a
wide range of Reynolds numbers (see refs. 19 and 20).

THEORIES

Equations for the eight theories evaluated are given in detail in table
1. All the theories are of the transformation type; that is, each theory
contains transformation functions that establish a correspondence between
compressible and incompressible skin friction. For some theories, the trans-
formations were originally given for only Cg and Ry; the transformation for
Ry was obtained from the following relationship for a flat plate having
isobaric and isothermal flow conditions (e.g., see ref. 9):

7| o
o[, O
7|,

@
Hh
el

Van Driest II (Ref. 5)

The Von Karmin mixing length is used in the Prandtl shear-stress equation
with the Crocco temperature distribution assumed through the boundary layer.
It should be noted that a temperature recovery factor of 0.88 for turbulent
flow was used in the equations for this theory in a manner given by Spalding
and Chi (ref. 9).

Spalding and Chi (Ref. 9)

The function for transforming Cg¢ (eq. (7)) was assumed to be the same
as that derived by Van Driest with a temperature recovery factor included.



The transformation function for Rg (eq. (8)) was assumed to comprise the fac-
tors (Tw/Taw)n and (Tw/Te)m where n and m were derived from experimental
data. Unfortunately, when this method was developed, few directly measured
skin-friction data were available at the higher Mach numbers, so that m and
n were primarily derived from indirect measurements of skin friction.

Sommer and Short (Ref. 3)

It is assumed that Cg and Rg can be transformed to incompressible
values, provided that the density and viscosity contained in these variables
are evaluated at some reference temperature (eq. (11)) that is a function of
Mg, Ty, and Tt,e' This reference-temperature (T') method was first proposed
by Rubesin and Johnson for a laminar boundary layer in reference 21. The
constants contained in this function were derived from limited experimental
data obtained in a free-flight range.

Eckert (Ref. 10)

The reference temperature assumptions are the same as those for Sommer
and Short's theory; however, the contants in the reference-temperature
equation (eq. (14)) are different.

Moore (Ref. 11)

The adiabatic theory of Wilson (ref. 4), based on the Von Karman mixing-
length concept, is extended to include the effects of heat transfer. It
assumes a quadratic total temperature-velocity relationship
(Te - Tw)/(Te,e - Tw) = (U/Ug)2. Reference 15 provides evidence that such a
temperature distribution is valid only for wind-tunnel walls and not for flat

plates.

Harkness (Ref. 12)

The mixing-length concept of Von Karman is utilized in a manner similar
to that of Van Driest II (ref. 5) except that the effect of heat transfer on
the laminar sublayer is obtained from available experimental data.

Coles (Ref. 13)

A law of corresponding stations is hypothesized in which the product CgRy
is the same at corresponding points in any two flows related by the transforma-
tion. For the transformation, a substructure hypothesis is invoked with a
constant substructure Reynolds number based on a density and viscosity evalu-
ated at a suitable mean temperature, Tc (eq. (26)). Although Coles' theory
implies that (Cg)c is a function of (TeRy)(, (E})C also is given as a func-
tion of (Rg)c for conformity with the other generalization presentations.




Baronti and Libby (Ref. 14)

The transformation is patterned after Coles except that it uses the
sublayer hypothesis of Donaldson (ref. 22} instead of the substructure hypo-
thesis chosen by Coles. The Reynolds number associated with the laminar
sublayer is assumed invariant and to contain a density and viscosity that are
based on the temperature at the edge of the laminar sublayer Tg (eq. (31)).

RESULTS AND DISCUSSION

Skin-Friction Data Cf(Rg)

The skin-friction data are presented in figure 6 as a function of Rg
and are tabulated in table 2 with the local flow conditions. The cross-
hatched band in the figure represents the maximum expected spread of the
experimental data from differences in the ratio Ty/T4y according to Coles'
theory. The dashed curve represents the expected level of the data according
to the Rubesin-Johnson theory (ref. 21) for laminar flow. The results indi-
cate that the three data points obtained at the lowest Reynolds numbers are
probably for transitional flow and that the remaining data points are
probably for turbulent flow.!

Evaluation of Theories

Figure 7 presents the turbulent data on a generalized basis Ef(ﬁb) for
each of the eight theories. Note that the data obtained with and without
boundary-layer trips (indicated by flagged and unflagged symbols) generally
are correlated on the basis of Rg for each theory. The boundary-layer
trips increased the momentum-thickness Reynolds number (Rg) as shown in
table 2 and thereby moved the virtual origin of turbulent flow forward.

A comparison of the transformed data with the Karman-Schoenherr incom-
pressible curve indicates that the theories of both Van Driest II2 (fig. 7(a))
and Coles (fig. 7(d)) would predict the skin friction to within about 5
percent. For all other theories, the transformed experimental points lie
above the incompressible curve; consequently, the skin friction would be
underpredicted by about 15 percent by the theory of Sommer and Short, and 20
to 25 percent by the theories of Spalding and Chi, Eckert, Harkness, and
Baronti and Libby. Moore's theory, although based on an incorrect tempera-
ture distribution within the boundary layer (see Theories section), would
give good predictions of skin friction at high Reynolds numbers but would
anderpredict the skin friction up to 10 percent at the lowest Reynolds numbers.
See figure 7(c). e e —

1Boundary—layer transition measurements obtained without trips are
presented in reference 23; the results substantiate this conclusion.

21f a temperature recovery factor of 1.0 instead of 0.88 were used in
the Van Driest theory, the predicted Cg would be about 5 percent lower and
the correlations poorer.




A comparison of the results presented at the top and bottom of
figures 7(d) and 7(e) indicates that the coordinates given by Coles' law
of corresponding stations (i.e., Cg = f(C R, g) correlate the data about the
same as those used for the other methods (1 €., Cf = f(Re))

VIRTUAL ORIGIN

Previous evaluations of skin friction have used primarily the C, (R )
method of analysis, which requires the determination of a virtual or1g1n Xof
turbulent flow. It is of interest, therefore, to examine the location of
the virtual origin as predicted by each of the eight theories for the measured
value of Rg. The calculation procedure is described in appendix A. The
test condition chosen for the results (fig. 8) corresponds to the highest
Reynolds number for which transition was natural (no trips). All the
theories locate the virtual origin well ahead of the end of transition indi-
cated by the sublimation studies of reference 23. The maximum difference in
the distance from the measuring station to the virtual origin is less than
20 percent. Consequently, these differences in virtual origin cannot explain
the large differences in the predicted Cg (fig. 7) which must arise primarily
from differences in the transformation functions for each theory given in
table 1. For example, the underprediction of Cg of 20 to 25 percent by the
Spalding and Chi theory compared with a prediction within 5 percent by the
Van Driest theory results from differences in the transformed Rg of 200 to
250 percent for these theories as shown in figure 7(a}).

Another method for obtaining the virtual origin is discussed in refer-
ence 24. This method assumes that 83,5, = 6¢yrp at the end of transition so

that the distance ahead of the end of transition to the virtual origin may be
calculated from X1 turb = (CF,lam/CF,turb)(Xl,lam)’ where the average skin-

friction ratio is determined from theory, and Xx; 15y 1s the distance to

the leading edge. For the experimental case of figure 8, this method gives a
value of x = 23.5 in., which is midway between the Van Driest II theory and
the end of transition indicated by the sublimation studies.

Several other methods for obtaining the virtual origin are discussed in
references 1 and 7. For heat-transfer models, the location of peak heating
is frequently assumed to be the location of the virtual origin. This location
corresponds approximately with the end of transition indicated by sublimation
studies, as confirmed by a comparison of the sublimation studies on the pres-
ent model (ref. 23) and the unpublished detailed temperature distribution on
the Polek flat-plate model (ref. 15). The comparisons shown in figure 8 indi-
cate that a virtual origin at peak heating is not consistent with the
momentum-thickness measurements. Consequently, any evaluation of skin-
friction or heat-transfer measurements based on such a choice for the virtual
origin would lead to an entirely different and possibly erroneous choice of
theory from that arrived at from the generalization analysis of figure 7.
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In conclusion, the E}(ﬁ') method is recommended by the authors for the
evaluation of skin-friction tgeories to avoid an arbitrary, and possibly
incorrect, choice of the virtual origin of turbulent flow.

CONCLUDING REMARKS

Direct measurements of skin friction on a nonadiabatic flat plate at a
Mach number of 6.5 indicate that the methods of both Van Driest II and Coles
predict the skin friction within about 5 percent. Six other theories under-
predict the skin friction as follows: Moore, 10 percent; Sommer and Short,
15 percent; Spalding and Chi, Eckert, Harkness, Baronti and Libby, 20 to 25
percent. The theories are evaluated on the basis of the measured momentum-
thickness Reynolds number, and this method is shown to be consistent with the
visual-flow studies for the end of transition. There is no noticeable effect
of boundary-layer trips on the correlation other than to increase the
momentum-thickness Reynolds number. Arbitrary selection of a virtual origin
at the end of transition (near peak heating) is shown to be inconsistent with
the momentum-thickness results. This approach can lead to entirely different
and possibly erroneous conclusions regarding the best theory for predicting
skin friction. It is suggested that additional direct measurements of skin
friction be analyzed on the basis of measured momentum-thickness Reynolds
number for a range of test variables wider than that of the present investi-
gation before a final selection of a theory is made for predicting turbulent
skin friction at hypersonic Mach numbers.

Ames Research Center
National Aeronautics and Space Administration
Moffett Field, Calif., 94035, Sept. 25, 1969
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APPENDIX A
CALCULATION OF VIRTUAL ORIGIN OF TURBULENT FLOW

The procedure followed in calculating virtual origin from the measured
Ry 1is given below. Since each theory has different transformations for Ry
and Cg¢, it follows that each theory also will give different locations for

the virtual origin.

From the Karman-Schoenherr equations, the incompressible local skin-
friction coefficient Cg can be written in terms of E% (see ref. 25) or Rg
(eq. (39), table 1). By equating these relationships for Cg and by sub-
stituting 2Ry/Ry for Cp, a single equation is obtained in terms of Ry and

RX as
0.242(2R6/Rf? . _ 1 _ 1)
0.242 + 0.8686,/2R6/Rx 17.08(1logig Re)2 + 25.11 log,, Re + 6,012
ﬁ% can be determined by iteration from equation (Al) after substituting
Rp = (Rg) (Rg/Rg) in equation (Al); the ratio Ry/Rg is given in table 1.
After Ry 1s found, Ry 1is calculated from
c. /R
= f 8
R =R | =—/ 5 (A2)
X X Cf///Re

where Ef/cf is also given in table 1. Finally, the distance from the
survey station to the virtual origin of turbulent flow is calculated from

Rx
X = (A3)
Ue/ve

12
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TABLE 1.- TRANSFORMATION FUNCTIONS
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TABLE 2.- FLOW CONDITIONS FOR SKIN-FRICTION DATA

. Ues Deas Qes (Ue/ve)x - - . . . , Condition of  Boundary-

Symbol  Me - ft/sec  Ib/ft2  Ib/et2  107Oxre-l RgX10 Te, R Ty, R Tge®R  Ty/Tay  C£X10 bo;_:l:;a:'y i?ﬁi

O 6.5 k557 22.0 650.4 1.697 2.262 205 583 1850 0.3% 1.57 Turbulent off

O 3893 b 121.1 0. 471 1.099 1kg 548 1379 0.37 1.38 Transitioral

A 4033 13.6 403.3 1.486 2.389 160 559 7L 0.4 1.52 Turbulent

6 hilg 6.6 196.0 0.528 1.017 195 534 1770 0.32 1.24 Transitional On

& 402 37.h - 1105.1 2.615 k,555 218 587 1960 0.32 + 1.22 Turbulent

V 3939 14.0 415.0 1.644 3.300 153 551 1410 0.43 1.25

S 4037 | 21.5 636.3  2.367  5.900 161 seh | 177 O0.k2 | 1.20
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S 3625 12.1 356.4 1.813 3.890 130 543 1250 0.50 1.35

Q/ 3679 27.7 819.6 4,011 8.326 133 572 1240 0.51 1.00 l

D 3665 27.8 822.0 4,065 6.419 132 572 1231 0.51 1.06 off
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